The fourth chromosome of Drosophila melanogaster and its sister species are believed to be nonrecombining and have been a model system for testing predictions of the effects of selection on linked, neutral variation. We recently examined nucleotide variation along the chromosome of D. melanogaster and revealed that a low average level of recombination could be associated with considerably high levels of nucleotide variation. In this report, we further investigate the variation along the fourth chromosome of D. simulans. We sequenced 12 gene regions evenly distributed along the fourth chromosome for a worldwide collection of 11 isofemale lines and 5 gene regions in a local population of 10 isofemale lines from South America. In contrast to predictions for regions of very low recombination, these data reveal that the variation levels in many gene regions, including an intron region of the ci gene, vary considerably along the fourth chromosome. Nucleotide diversity ranged from 0.0010 to 0.0074 in 9 gene regions interspersed with several regions of greatly reduced variation. Tests of recombination indicate that the recombination level is not as low as previously thought, likely an order of magnitude higher than that in D. melanogaster. Finally, estimates of the recombination parameters are shown to support a crossover-plus-conversion model.
I
NVESTIGATION of evolutionary forces at the setime to accumulate mutations. The low level of polymorphism, then, is a result of the young age of the alleles quence level often relies on the understanding of the relationship between recombination and variation.
that originated after the selected allele dominated the population. An alternative model, background selecOf particular interest is the effect of natural selection tion, was subsequently proposed to account for the same on levels of neutral variation at linked sites. Both backphenomenon (Charlesworth et al. 1993 (Charlesworth et al. , 1995 (Charlesworth et al. , 1997 ; ground selection (Charlesworth et al. 1993 ) and reHudson and Kaplan 1994; Charlesworth 1996; Nordcurrent selective sweeps (Berry et al. 1991) reduce levels borg et al. 1996) . This model posits that the negative of neutral variation at linked sites. A significant positive selection against deleterious mutation will decrease the correlation between the rate of recombination and nusize of effective population by a fraction, depending on cleotide variation has been observed in Drosophila (Aguboth the recombination rate and the mutation rate to ade et al. 1989a ,b, 1994 Stephan and Langley 1989;  deleterious alleles. The number of mutation-free alleles Berry et al. 1991; Begun and Aquadro 1992 ; Aquadro will significantly decrease in the regions of low recombiet al. 1994) , Mus (Nachman 1997), humans (Nachman nation that contain high numbers of deleterious muta-2001), and Aegilops (Dvorak et al. 1998) . These empiritions. Consequently, the neutral variation, as a function cal studies, bolstered by the theoretical interpretations of population size N (e.g., nucleotide diversity ϭ 4N), of hitchhiking effects of selection, lead us to expect will be reduced. In these genetic models the effect of extremely low levels of variation in genomic regions of selection is so strong that in regions of extremely low low recombination. recombination variation is severely reduced. Even Two evolutionary genetic models have been proposed though the fourth chromosome was previously thought to account for the correlation. The classic model, selecto be virtually free of recombination, either selective tive sweep via the hitchhiking effect (Maynard-Smith sweep or background selection can reduce variation. and Haigh 1974; Kaplan et al. 1989; Hudson 1990) , Genomic regions of low recombination have become posits that recent directional selection purges variation a hunting ground for detection of selection, even though on selected and linked loci, allowing current alleles little it is unclear that the selection is positive or negative. One such region is the small fourth chromosome of Drosophila. Although the chromosome contains ‫5ف‬
Genetic analyses of the fourth chromosome in Drosophila al. 2002a) revealed a considerably high level of variation with a peculiar haplotype structure. In a chromosomemelanogaster conducted by Bridges (1935) and Patterson and Muller (1930;  for later reviews, see Hochwide survey of polymorphisms in the D. melanogaster worldwide collections of both isofemale lines and local man 1976; Ashburner 1989) failed to observe any crossovers in thousands of normal flies, except under special populations (Wang et al. 2002b) , we found that the chromosome is variable in several regions that possess laboratory conditions like heat shock or artificially introduced interchromosomal effects. Here, the chromosome long chromosome domains (20-30% of the euchromatic arm) with highly variable dimorphic haplotype was concluded to be essentially nonrecombining; a conclusion with nontrivial consequences for subsequent structures. This suggests that the chromosome does not evolve as a single unit. We also identified possible recomevolutionary genetic analysis. The assumption of no recombination implies that the whole chromosome would bination events, using the four-gamete method (Hudson and Kaplan 1985) , although the levels of recombievolve as a single unit. Qualitatively, both selective sweeps and background selection can explain low levels nation appeared two orders of magnitude lower than that in the other three chromosomes. Evolutionary analof variation.
The first direct observation of nucleotide variation yses suggest that some form of positive selection, possibly the balancing selection, might govern the dimorphism on the fourth chromosome was an analysis of polymorphism at the cubitus interruptus (ci) gene in D. melanogasdomain. In this report, we extend the analysis to the fourth chromosome of D. simulans and document sevter and simulans (Berry et al. 1991 tion ( ϭ 0-0.0003) were observed (Hilton et al. 1994) . These observations, albeit on a single gene, suggest that et al. (2000) . Recently, Locke's group reported that distribution of polymorphism for an expected variation parameter ϭ 4N was calculated following the recursion the whole right arm of the fourth chromosome of D. simulans is inverted compared to that of D. melanogaster (Podemski equation et al. 2001) . To determine gene order and relative distance between genes, we did further FISH on the polytene chromo-
somes of D. melanogaster and D. simulans, using probes of pho, CG11153, and spx genes. PCR amplified DNA fragments of (Hudson 1990) , where N and are effective population these genes, which were labeled with digoxigenin (DIG) or size and mutation rate per nucleotide site, respectively, and biotin (purchased from Roche Molecular Biochemicals). FISH was conducted according to the method of Wang et al. (2000) .
, Evolutionary genetic analysis: The major goal of the analysis is to test various statistical expectations on the basis of two in which l is length of DNA sequence and n is number of conventional beliefs: (1) The D. simulans fourth chromosome alleles. Two values of were used in the calculation: ϭ lacks variation and (2) the D. simulans fourth chromosome, 0.0002 for the ci gene and ϭ 0.0005 for the ank gene similar to the chromosome of D. melanogaster, is nonrecombin- ( Jensen et al. 2002) . ing (Berry et al. 1991; True et al. 1996) . We therefore con-3. Test of homogeneity across gene regions: We tested a null hypothducted the following analyses: esis that the variation in different regions is similar, on 1. Estimation of summary statistics: We first generated polymorthe basis of the evolutionary hypothesis that the fourth phism data, including polymorphism created by both nuchromosome evolved as a single unit. This was conducted cleotide substitutions and insertion-deletion (indel)
by calculating a goodness-of-fit statistic in which the obchanges. We then calculated the following statistics from served and the expected number of segregating sites at the the sequences and polymorphism data: Numbers of synonyith region (S i ; Kreitman and Hudson 1991), mous sites (silent sites), numbers of nonsynonymous sites (replacement sites), nucleotide diversity (Nei 1987) 
Var(S i ) , total sites and synonymous sites, Watterson's estimator (Watterson 1975) in total sites and synonymous sites, number of substitutions per synonymous site (K S ), and which follows the 2 distribution with k Ϫ 1 d.f. (k ϭ number of gene regions). This statistic was shown to be insensitive number of substitutions per nonsynonymous site (K A ). These statistics were computed by using DnaSP (Rozas and to assumptions of recombination [see p. 572 of Kreitman and Hudson (1991) ]. In this equation, the expectation Rozas 1999).
Statistical comparison between observed and expected values of
Exp(S i ) and variance Var(S i ) of the segregating sites in the ith gene regions are variation: Under the assumption of neutrality, a probability relative to crossing over; and t, the mean tract length of a
The model of gene conversion under which parameters are estimated is that of Wiuf and Hein (2000) , and which is a simple model of unbiased gene conversion with symmetric heteroduplexes and a geometric distribution of tract lengths. We obtained composite-likelihood estimates of
both without gene conversion and with gene conversion, over a range of tract lengths. In all cases, maximum compositewhere was computed as nucleotide diversity using the likelihood estimates (MCLE) were obtained by evaluating the total number of polymorphic sites of all k gene regions, l i composite likelihood of the data over a grid of parameter as the length of the ith gene region, and n as the sample values, using software provided by Richard Hudson (http:/ / size for polymorphism survey.
home.uchicago.edu/rhudson1). We first estimated assum-4. Tests based on the site frequency spectrum: By taking advantage ing no gene conversion. Then, to estimate and gene converof a large number of polymorphic sites [56 single-nucleosion parameters, we evaluated the composite-likelihood statistide polymorphisms (SNPs) out of 82 polymorphic sites tic on a grid of 500 values of ranging from 0.0001 to including indels] pooled from all gene regions, we used 0.0011848, which is the estimate of obtained assuming no Tajima's D (Tajima 1989) to test the prediction that selecconversion. The grid of f was 250 values in the range 0.001 tive sweeps on the fourth chromosome reduce variation to 500. For and f, the distances between points on the grid such that the polymorphism spectrum is skewed toward were geometric rather than uniform to ensure coverage of rare variants. Braverman et al. (1995) and Simonsen et al. low values of the two parameters. Eleven values for t were used (1995) showed in simulation studies that such deviation (50 bp and 100-1000 bp in increments of 100 bp). from the spectra predicted from neutrality can distinguish either directional selection or demographic effects from background selection, although both types of forces can reduce the variation in regions of low recombination. RESULTS
Recombination estimation:
Given that our sequence data The number of alleles ϭ 11; S obs is the number of segregating sites including indel sites; CG11091 is homologous to the flanking region of sphinx in D. melanogaster. The genomic average is 0.019 for noncoding regions and 0.008 for coding regions (Powell 1997 ). Calculation of the probabilities in the three statistical tests conservatively excluded indel sites.
Variation in diversity levels: While a large proportion the genome ( ϭ 0.019, P ϭ 0.1231), in stark contrast to previous observations of exons in the same gene. The of gene regions are more variable than previously expected, several regions show low levels of variation. An intron region is located toward centromere, whereas the exon with the low-variation region is toward the exon region of the ci gene was previously found to have little variation: Of nine alleles for a 958-bp region, there telomere. The sharp boundary between the exon and the intron reveals distinct histories of evolution in the was only one polymorphic site, a singleton (Berry et al. 1991) . We confirmed this result in a worldwide sample, two regions of the same gene.
Recombination and linkage equilibrium:
The fourfinding no polymorphism in the region. The other two regions, unc-13 and pho, also show very low levels of gamete analysis (Hudson and Kaplan 1985) reveals 10 exchanges in the history of the fourth chromosome variation. The substitutions at synonymous sites between D. simulans and D. melanogaster in the three genes are samples here, as shown by the line-arrow signs in Figure  1b . Between-region recombination events often involve 0.11 (ci exon), 0.09 (unc-13), and 0.16 (pho). These are in the normal range of synonymous divergence between long tracts of haplotype structure. For example, the crk-bip2 contains some haplotypes consisting of eight the two species (Powell 1997, Figure 10-5) , revealing no significant reduction in mutation rates in these repolymorphisms inside a 250-kb region. The hypothesis of parallel mutations may not explain such a highly gions. Furthermore, tests of homogeneity ( 2 ϭ 39.58, P ϭ 4.2 ϫ 10 Ϫ5 ) show that the nucleotide variation organized polymorphism structure, suggesting recombination between two considerably diverged ancestral allevels in different regions are not homogenous. These analyses indicate that the chromosome does not evolve leles. The hypothesis of gene conversions may have greater difficulty explaining this long tract of haplotype as a single unit; rather, different regions have different histories, as we found in the D. melanogaster fourth chrostructure than the crossover hypothesis, because, in general, conversion tracts have been shown to be ‫053ف‬ mosome. These conclusions derived from the worldwide sample are consistent with the five genes we analyzed nucleotides in length (Hilliker et al. 1994; . from the Ecuadorian population (Figure 2 ). Once again, the local population revealed variable and relaIntralocus recombination events reflect rates of recombination in a given stretch of DNA better than retively high levels of variation and a high proportion of heterozygosity at a number of sites, which is a result of combination events detected between genes where only one recombination event is detectable although many a higher level of variation.
Unexpectedly high variation in the ci intron: In conadditional recombination events are possible. Thus, we incorporated only six within-gene recombination events trast to the low levels of variation in the exon regions of this gene, as detected in previous work (Berry et al. to calculate the R m density 6/12.1 kb/11 chromosomes ϭ 0.0451 R m /kb/chromosome. This is 27.0% of the esti-1991; Hilton et al. 1994 the data decreases rapidly and the data are not compatible with a no-recombination model (data not shown).
et al. 2002b). This result suggests a recombination rate
The effect of varying t is shown in Table 3 , which suggests much higher than previously assumed on the basis of that the data are compatible with a range of , converthe genetic analysis of the D. melanogaster fourth chrosion rates, and mean tract lengths. This is not surprising mosome. We estimated 4Nr ϭ 0.01185 per base for D.
because and f are confounded in the estimation prosimulans, assuming no gene conversion, using the method cedure; with a fixed mean tract length, for a given set of Hudson (2001) . We also estimated 4Nr ϭ 0.00016 of values for and f, another pair of values (with a per base for the D. melanogaster fourth chromosome, higher and lower f, or vice versa) can be found for using the data of Wang et al. (2002b) . It should be which the probability of recombination (i.e., crossover noted that this latter data set contains 50% of each or conversion) between two adjacent sites is identical of the two haplotypes in a dimorphic region, slightly (see Equation 1 of Frisse et al. 2001) . However, Table different from the worldwide sample from which we 3 suggests that models with nonzero f and nonzero t previously estimated frequencies of 40 and 60%. Howare slightly more likely than models with no conversion. ever, the following analysis shows a revealing compariGiven the expectation from laboratory experiments that son. Thus, it appears that the recombination rate of the rate of crossing over is very low on the D. melanogaster D. simulans is 74 times higher, assuming that effective fourth chromosome, it may not be unlikely that some population sizes of the two species are similar. Furtherrecombination events are nonreciprocal exchanges more, the estimated level of recombination in the D.
(gene conversions). In general, our estimates of are simulans fourth chromosome means that a ratio of 4Nr/ nearly an order of magnitude less than those obtained 4N ϭ r/ ϭ ‫,7ف‬ higher than that of most previously by Wall et al. (2002) from loci on the third chromosome observed D. simulans genes (Andolfatto and Przeof D. simulans. worski 2000) . Given that the recombination rate in
We also estimated linkage disequilibrium using the chromosomes X, 2, and 3 of D. simulans is only slightly correlation coefficient, r 2 (Hartl and Clark 1997). (30%) higher than that in D. melanogaster (True et al Figure 3 reported the distribution of r 2 in the D. simulans 1996), more than one order of difference in magnitude fourth chromosomes. While most r 2 values are not high, between the fourth chromosomes of D. simulans and D. a proportion of r 2 are significant at the levels of P ϭ melanogaster is unusual.
0.01 and 0.05, suggesting some degrees of linkage disWe attempted to estimate the population recombinaequilibrium among distant sites. Although the comparition and gene conversion rates from the data, using a son among sites is not independent, some suggestive composite-likelihood procedure (Hudson 2001) . For a observations can be made. It is interesting to see a decay model with no gene conversion, we estimate to be of r 2 for the polymorphism separated Ͻ1 kb apart (see 0.011848 (ln L ϭ Ϫ5466.821254). With gene conver- Figure 3 , inset). These results suggest a possibility of sion, we always estimated to be the minimum value gene conversion in short distance. used on the grid ( ϭ 0.0001). Because this result sugEvolutionary forces: Our results show unexpected levgests we did not fully explore the likelihood surface, we els of DNA sequence polymorphism in genes on the also evaluated the likelihood of the data for Ͻ 0.0001 fourth chromosome of D. simulans that were not predicted from previous reports or simple theoretical preand ϭ 0. For values of Ͻ 0.0001, the likelihood of ). The inset is the distribution of r 2 for short distances. The dashed lines indicate the r 2 values for P ϭ 0.01 and P ϭ 0.05, which were determined by a chi-square distribution 2 ϭ nr 2 , with d.f. ϭ 1, where n is the number of alleles (Hartl and Clark 1997). dictions. Are there any detectable forces of evolution et al. (2000) published the gene orders of the fourth chromosome in D. melanogaster, but with different gene driving the evolution of the chromosome? We considered three possible forces hypothesized in previous studorders in the region from CG11153 to Pho. We did FISH experiments to ascertain the order of the region, using ies: variable neutral mutation rates, recent selective sweep, and background selection.
several genes as probes (Figure 4) , which shows that the gene order of Locke et al. (2000) is correct. We also Divergence between D. melanogaster and D. simulans at silent sites fell well within the range of normal values mapped these probes on the strain used to sequence the D. melanogaster genome, which did not support the gene for these two species (Powell 1997) , suggesting that the neutral mutation rates of the fourth chromosome order of Adams et al. (2000) in the region. Recently, the same group investigated the gene orders on the loci do not differ substantially from the genome average. We calculated Tajima's D for every gene region and fourth chromosomes in eight species of the D. melanogaster subgroup and concluded that all chromosomes are pooled data over all gene regions (including the ci-intron region with the ci-exon region excluded; Figure 1) . In homosequential, i.e., in intact gene orders (Podemski et al. 2001) . Interestingly, it was found that the entire 11 gene regions that contain polymorphisms, Tajima's D values range from Ϫ1.0 to 1.04, none of them signifiright arm of the fourth chromosome in D. simulans, D. mauritiana, and D. sechellia was inverted, relative to the cant at the 5% level. Tajima's D based on pooled data is Ϫ0.1917 with a probability of 0.10 under the assump-D. melanogaster fourth chromosome. Thus, the ci gene is adjacent to the centromere in D. melanogaster, but the tion of neutrality. Thus, the hypothesis of a recent selective sweep is not supported in general, although this ci gene in D. simulans is near the telomere. However, the patterns of polymorphisms in different gene regions test does not exclude the possibility that the selective sweep could happen in some local regions, especially of D. simulans and D. melanogaster (Wang et al. 2002b) seem independent of the inverted gene orders, sugconsidering the limited detecting power with the sample size used in this study. On the other hand, we found gesting that the fourth chromosomes in the two species evolved independently under no effect of gene orders. that the variation in most gene regions is not as low as previously thought, but is an order of magnitude lower Finally, the physical length of the D. simulans fourth chromosome has not been measured. But the morpholthan the variation in the chromosome regions of a normal level of recombination (Andolfatto 2001) . This ogy and size of the chromosome seems similar to that of D. melanogaster; thus we used the gene orders and appears to be consistent with a lower than normal level of recombination in this chromosome. These two results the distances between the genes in D. melanogaster as an approximate description of the D. simulans chromoare not unexpected from what background selection predicts: Regions of low recombination are expected to some. The small actual differences in the total chromosomal length between the species should not change contain large regions of reduced variation.
Gene orders: Both Adams et al. (2000) and Locke the estimate of 4Nr drastically. chromosome is also consistent with the observed levels devoid of nucleotide variation, unlike the ci locus of variation in the fourth chromosomal genes. (Berry et al. 1991) in which only one polymorphic site
The mechanisms of meiotic recombination generally was detected from nine lines and ank (Jensen et al. 2002) include gene conversion and crossing over. Berry and in which a 20-fold reduction in variation was observed.
Barbadilla ( conversion in the variation in Drosophila natural popusimulans fourth chromosome contain considerably high lations. further inferred that there levels of variation, significantly higher than those typical was high level of gene conversion in the su(s) and su(w(a)) of low-recombination regions. One region, the intron in regions of low crossing over in the D. melanogaster X the ci gene, even demonstrates levels of polymorphism chromosome. Our analysis (Table 3) supports crossoverclose to the average variation of the D. simulans genome.
plus-conversion models. We can further ask whether However, a few regions of the fourth chromosome do or not the gene conversion alone can account for the indeed show low levels of variation, such as the exon detected recombination in the chromosome. melanogaster. Genetic analyses, as reviewed by Hawley et Recombination: The heterogeneity in levels of variaal. (1993) , generally indicate no crossing over in normal tion among different regions was shown to be highly laboratory conditions. significant. These data and analysis do not support the Nevertheless, crossing over in natural populations can prevailing prediction that the entire fourth chromobe hypothesized to explain a part of the detected recomsome evolved as a single unit. Instead, they indicate bination. Several observations suggest the possibility of that different gene regions have different evolutionary reciprocal exchanges. One difference between crossing trajectories. To be consistent with this observation, reover and conversion is that the former can create large combination must be invoked.
regions or even chromosome-wide recombination while The analysis of R m revealed that the chromosome is the gene conversion usually involves a short conversion recombining and the rate of recombination is not so tract. The linkage relationship between the sites outside low as previously assumed (Berry et al. 1991 ; Hilton conversion tracts does not change. A nonrecombining et al. 1994) . Further estimation of recombination paramchromosome would show chromosome-wide linkage eters using the likelihood method indicates that the disequilibrium. In our linkage disequilibrium analysis level of recombination in the D. simulans fourth chroacross the chromosome, we observed some linkage dismosome is more than one order of magnitude higher equilibrium among distant sites and a decay of the disthan that in D. melanogaster. We note that an equal haploequilibrium among the sites of short distance (Figure 3 ), type sample in D. melanogaster (Wang et al. 2002b ) might suggesting a role of gene conversion. However, Figure 1 slightly bias the recombination . However, the rate reveals that some sites displaying all four gametes of recombination detected in the D. simulans fourth showed long recombination tracts. The lengths of these chromosome is too high to be explained by the level of tracts, Ͼ100 kb, are difficult to explain as the tracts of recombination predicted from comparisons to D. melagene conversions that are more often several hundred nogaster (True et al. 1996) , which revealed ‫%03ف‬ higher nucleotide long (Hilliker et al. 1994 ; Langley et al. rates of recombination in the D. simulans genome, excluding chromosome 4. Thus, the previous assumption 2000) and may be a signature of crossing over. It has been shown that some conditions, e.g., heat shock and than that of almost all other gene regions on the chromosome; Figure 1 ) and a K A (0.0157) lower than the interchromosomal effects, could lead to crossing over in D. melanogaster (Grell 1971; Hochman 1976 In this work, we revealed considerably high levels of that assumes variable mutation rates was excluded. The synonymous substitution rates of most gene regions the nucleotide variation associated with most of the genes we surveyed, suggesting that most parts of the (Figure 1) are from 0.0111 to 0.0178 in a normal level of between-species divergence (Powell 1997) . This small chromosome are variable. The several low-variation regions that are scattered within the chromosome delinrange of variation in K S is not consistent with large heterogeneity of the nucleotide diversity ( values for eate the different chromosomal regions that have been governed by different evolutionary processes. Interpresynonymous sites in the 12 gene regions are from 0.0000 to 0.0074, Figure 1 (Hudson et al. 1987) renation has to be reconsidered. Thus, our population genetic analysis demonstrates a level of recombination jects the neutral hypothesis that polymorphism and divergence are coupled for the two regions of ci ( 2 ϭ on the D. simulans fourth chromosome previously deemed unlikely in genetic analyses, allowing the persis-5.85, P ϭ 0.0150), suggesting that the level of polymorphism in the ci-intron region is not due to an elevated tence of a high level of natural variation. mutation rate. A recent selective sweep over the whole it can be seen that the polymorphism in the intron region seems to reflect geographic origins of the isofemale lines; e.g., the three Reunion lines appear to have clusion that a recent selective sweep has occurred in Science 287: 2185-2195.
the ci gene (Berry et al. 1991) , because such a scenario The ci gene has a low K A /K S ratio (0.l4, a value lower
